Rhodopseudomonas palustris was grown on benzoate, cyclohexanecarboxylate or succinate under anaerobic or aerobic conditions. Studies of oxygen uptake by intact bacteria indicated that cyclohexanecarboxylate was metabolized aerobically by a p-oxidation sequence and that cultures grown anaerobically on benzoate also possessed this capacity. Bacteria grown on succinate were able to oxidize octanoate but not alicyclic acids. The enzymes necessary for the p-Downloaded from www.microbiologyresearch.org by IP: 54.70.40.11 On: Sat, 29 Dec 2018 16:22:23
oxidation of cyclohexanecarboxylate appeared to be constitutive in both anaerobic and aerobic bacteria, the only exception being an acyl-CoA synthetase which used benzoate and some alicyclic acids as substrates. This acyl-CoA synthetase differed from the constitutive short-chain fatty acyl-CoA synthetase in that it was induced by anaerobic growth on benzoate or by aerobic growth on cyclohexanecarboxylate.
I N T R O D U C T I O N
The pathways of aerobic metabolism of aromatic compounds are now well documented (Dagley, 1975) and involve molecular oxygen in ring fission reactions. Any organism which can utilize aromatic compounds under anaerobic conditions must therefore employ rather different tactics. A number of such organisms have been described, growing on various aromatic substrates, including Pseudomonas sp. (Taylor et a/., 1970; Balba & Evans, 1980) , Moraxella sp. (Williams & Evans, 1975) , Bacillus sp. (Aftring & Taylor, 1981) , methanogenic consortia (Balba & Evans, 1977) and several species of RhodospirilZaceae (Dutton & Evans, 1976) . Although a scheme involving hydroxylation of the aromatic nucleus was suggested (Taylor et al., 1970) , the weight of experimental evidence undoubtedly supports a reductive mechanism to give alicyclic products (Dutton & Evans, 1968 Guyer & Hegeman, 1969; Williams & Evans, 1975) . In Rhodopseudomonaspalustris these are then metabolized by a sequence of reactions resembling poxidation ( Fig. 1 ). Some evidence was obtained for the involvement of benzoyl-CoA (Whittle et al., 1976) , and though this was insubstantial it formed the starting point for the present study of the metabolism of benzoate and cyclohexanecarboxylate by R. palustris.
METHODS
Organism. The purple non-sulphur bacterium Rhodopseudomonas palustris (Hegeman strain) was obtained in this department from Dr P. A. Williams. Master stock cultures were maintained in nutrient agar stabs and working stocks in 50 ml nutrient broth in 100 ml Erlenmeyer flasks, which were kept without shaking at room temperature under low light.
Growth of bacteria. Liquid cultures of R. palustris were grown in medium containing (1-l): KH2P04, 6.8 g; (NH,)2S04, 1.2 g; 4-aminobenzoate7 0.1 mg; trace element solution (Bauchop & Elsden, 1960) , 10 ml. Carbon sources were supplied at 0.1 % (w/v) in the case of cyclohexanecarboxylate, A'-cyclohexenecarboxylate and benzoate, or at 0.3% (w/v) for succinate and acetate (all as their sodium salts) and the pH was adjusted to 7.2. The sequence of transfers to grow cell cultures was as follows. Nutrient broth (10 ml) in a McCartney bottle was inoculated with 1 ml nutrient broth stock culture and incubated at 30 "C for 2 d. For aerobic cultures, 5 ml of this was used to inoculate 50 ml mineral salts medium in a 100 ml Erlenmeyer flask; cultures were grown with shaking at 30 "C for 4 d before being used as inoculum (25 ml) for 250 ml medium in a 500 ml flask. For anaerobic cultures, 2.5 ml nutrient broth starter culture was used to inoculate mineral salts medium in a 25 ml McCartney bottle, which was then completely filled with sterile medium. This was incubated in an illuminated water bath (eight 40 W tungsten lamps, irradiance 8 mW cm-, at the inside surface of the bath) for 4 to 5 d and the entire culture was used to inoculate medium in a 250 ml medical flat. This was also filled with medium and incubated in the water bath for 5 to 6 d .
Cultures were harvested at 4 "C by centrifugation at 3500g for 10 min. The cell paste was washed with 42 mMsodium/potassium phosphate buffer, pH 7.1 (made by dissolving 4 g of Na,HPO, and 2 g of KH,PO, in 1 litre distilled water), followed by further centrifugation at lOOOOg for 10 min; the pellet was finally resuspended in 2 vol. of the appropriate buffer.
Cell-free extracts. Extracts were prepared from suspensions of cells in 100 mM-Tris/HCI buffer, pH 8-0 (for acyl-CoA synthetase assays) or 42 mM-sodium/potassium phosphate buffer, pH 7.1 (all other assays) by a single passage through a chilled French pressure cell (American Instrument Co., Silver Spring, Md., U.S.A.) with a pressure difference at the orifice of 140 MPa (20000 lbf in-2). The supernatant was obtained by centrifugation at 20000 g for 10 min at 4 "C. Protein content was measured by the modified biuret method and cell extracts usually contained 20 to 25 mg protein ml-l.
Manometry. Manometric studies were conducted with constant-volume manometers (Braun, Melsungen, F.R.G.) at 30 "C. Oxygen consumption was followed in the presence of KOH in the centre well. C 0 2 consumption under anaerobic conditions was measured after equilibrating with an atmosphere of N 2 / C 0 2 (95 : 5, v/v) before addition of substrates. The flasks were illuminated with fourteen 40 W tungsten bulbs (irradiance 23 mW cm-2, at the base of the flasks). In both cases 42 mM-phosphate buffer, pH 7.1, was used.
Enzyme assays. Acyl-CoA synthetase (EC6.2.1.-) was assayed by the method of Overath et al. (1969) as modified by Blakley (1978) . Acyl-CoA dehydrogenase (EC 1 .3.99.3) was assayed as described by O'Brien & Frerman (1977) and enoyl-CoA hydratase (EC4.2.1.17) and P-hydroxyacyl-CoA dehydrogenase (EC 1.1.1.35) as described by Weeks et al. (1969) . /J-Oxoacyl-CoA thiolase (EC2.3.1.9) was assayed as described by Clinkenbeard et al. (1973) . Acyl-CoA dehydrogenase was also assayed polarographically, omitting the tetrazolium dye, using a Clark oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio, U.S.A.).
Chemicals. 2-Oxocyclohexanecarboxylic acid was prepared from its ethyl ester by a method similar to that of Krueger (1 952). trans-2-Hydroxycyclohexanecarboxylic acid was also prepared from the ethyl ester of the 2-0x0 acid by the method of Dieckmann (1894) . Both were gifts from Professor W.C. Evans. N-Hydroxysuccinimide esters of octanoic and benzoic acids and of the cyclohexanecarboxylic acids were prepared by the method of Lapidot et al. (1967) and recrystallized from warm ethyl acetate/petroleum (40-60 "C). CoA esters were then prepared from the N-hydroxysuccinimide esters as described by Ougham & Trudgill (1982) . Acetoacetyl-CoA, crotonyl-CoA, benzoyl-CoA, phenazine methosulphate, ATP, NAD, NADH, CoASH, dithiothreitol, 3-(4,5dimethylthiazoyl-2)-2,5-diphenyltetrazolium bromide, dicyclohexylcarbodiimide, N-hydroxysuccinimide and /J- 
RESULTS

Growth of R . palustris
In general agreement with previous work (Dutton & Evans, 1969) R . palustris grew anaerobically (photosynthetically) on benzoate and more slowly on 3-hydroxybenzoate and 4-hydroxybenzoate. It also grew anaerobically on cyclohexanecarboxylate and A -cyclohexenecarboxylate, though rather slowly and with lower growth yields. Rhodopseudomonas palustris grew aerobically (in the dark) on cyclohexanecarboxylate and A1-cyclohexenecarboxylate but not on benzoate. Acetate and succinate supported growth both anaerobically and aerobically.
Respiratory studies with R . palustris grown anaerobically and aerobically Whole cells of R . palustris grown anaerobically (photosynthetically) on benzoate or succinate oxidized octanoate immediately under aerobic incubation conditions (Fig. 2) . Benzoate-grown cells immediately oxidized cyclohexanecarboxylate (initial rate of O2 uptake, 3-1 pmol h-*) and A'-cyclohexenecarboxylate (2.9 pmol h-l) at a slower rate than octanoate (5.3 pmol h-l) but faster than 2-hydroxycyclohexanecarboxylate (2.0 pmol h-l) and 2-oxocyclohexanecarboxylate (1.2 pmol h-l). Cells grown anaerobically on succinate did not oxidize any of these alicyclic acids at significant initial rates though there was perhaps some indication of induced oxidation after incubation for 40 min. The pattern of oxidation of substrates by cells grown aerobically on succinate was similar to that with anaerobic cultures. Cells grown aerobically on cyclohexanecarboxylate or A1 -cyclohexenecarboxylate oxidized the growth substrates 2-hydroxycyclohexanecarboxylate and 2-oxocyclohexanecarboxylate as well as octanoate.
Cultures grown on benzoate (anaerobically) or on cyclohexanecarboxylate (aerobically) oxidized cyclopentanecarboxylate at rates similar to cyclohexanecarboxylate (Table 1) . Cyclohexanepropionate was oxidized by these cell suspensions and also by succinate-grown cells. It was further found that cyclopentaneacetate and cyclohexaneacetate were oxidized at much Negligible rates of endogenous C 0 2 evolution were observed (< 0.1 pmol h-l). 2.7 0-9 5.6 1.2 0.8 0.6 0.2 0-9 0.0 0.0 0.0 0-0 slower rates by suspensions of cells which had been grown under any conditions. These two acids are not substrates for P-oxidation. No oxygen uptake by any of the cell suspensions was observed with benzoate. Cells grown on acetate exhibited a very similar pattern of oxidation of substrates to cells grown on succinate (results not shown).
Under an atmosphere of Nz/CO2, net C 0 2 uptake was observed with octanoate as substrate, by cells grown anaerobically on benzoate or succinate (Fig. 3) . Gas uptake was recorded with cyclohexanecarboxylate and A1 -cyclohexenecarboxylate for cells grown on benzoate but not on succinate. Net C 0 2 uptake was not observed with benzoate for either cell suspension. In the absence of substrate, no net change in gas pressure was recorded, as was also the case in the absence of light.
Assay of acyl-CoA synthetase activity
Acyl-CoA synthetase activity in crude extracts was assayed with a number of substrates. The activity varied up to twofold from extract to extract, though the relative activities with different 
Assay of enzymes of P-oxidation
If cyclohexanecarboxyl-CoA is further metabolized by fi-oxidation, the presence of the enzymes acyl-CoA dehydrogenase, enoyl-CoA hydratase, P-hydroxyacyl-CoA dehydrogenase and thiolase is necessary. These were assayed in cell extracts with both short-chain aliphatic substrates and the putative CoA ester intermediates of benzoate metabolism. There were no significant differences in activity with short-chain substrates between extracts of cells grown on benzoate or cyclohexanecarboxylate and of cells grown on succinate ( Table 3 ). The results for acyl-CoA dehydrogenase were confirmed by linking the reduction of phenazine methosulphate directly to oxygen in polarographic assays. It is evident that the CoA esters of the alicyclic acids are also active as substrates for enzymes in these extracts. The specific activities determined with CoA esters synthesized in the laboratory are rather low because insufficient substrate was available for the development of optimal assay conditions and assays were performed with less than saturating concentrations of substrate.
Thiolase was assayed with acetoacetyl-CoA as substrate by following the decrease in absorbance at 300 nm. No change in any part of the spectrum of 2-oxocyclohexanecarboxyl-CoA was observed on addition of cell extract to the assay mixture. The negligible activity recorded with this substrate may be due to lack of enzyme activity or to failure to detect activity. The cyclic CoA ester might possibly be cleaved by a CoA ester transferase rather than a thiolase, though this has not yet been tested. G . N . HUTBER AND D . W . RIBBONS Table 3 
. Activities of enzymes involved in /?-oxidation in R. palustris
Enzymes were assayed as described in Methods. Activity is expressed as nmol product formed (substrate utilized for thiolase) min-' (mg protein)-'. Induction experiments Assay of acyl-CoA synthetase in extracts showed that growth in the presence of benzoate or cyclohexanecarboxylate produced an increase in activity towards some cyclic substrates. The role of these two compounds as inducers was confirmed by incubation experiments in which cells were grown on succinate either aerobically or anaerobically, harvested, washed under aseptic conditions and then incubated aerobically with benzoate or anaerobically with cyclohexanecarboxylate. These are both effectively non-growing conditions, since anaerobic growth on cyclohexanecarboxylate is very slow. Control incubations contained no carbon source. After 2 d, enzyme activity in extracts was measured. Incubation of cells with benzoate under aerobic conditions produced an increase in benzoyl-CoA synthetase activity to about 18% of the octanoyl-CoA synthetase activity and also an increase in activity towards cyclohexanecarboxylate. Similar results were obtained on incubation of cells anaerobically with cyclohexanecarboxylate. Little, if any, effect was observed after shorter incubation times.
Activity in extracts of cells grown
Enzyme
DISCUSSION
The whole-cell oxidation studies showed the presence in R . palustris of a constitutive /?oxidation system for short-chain fatty acids which was also capable of limited utilization of cyclohexanepropionate, presumably because of its linear side-chain. Growth on cyclohexanecarboxylate (aerobic) or benzoate (anaerobic) induced the capacity for oxidation of cyclohexanecarboxylate and its derivatives. At the same time, oxidation of cyclopentanecarboxylate was induced, though neither cyclopentaneacetate nor cyclohexaneacetate was oxidized to any great extent. Since neither of these is a substrate for a complete cycle of /?-oxidation, this is strong circumstantial evidence that cyclohexanecarboxylate and its derivatives are metabolized by /?oxidation. This metabolic route has been described for many aerobic organisms (Rho & Evans, 1975; Blakley, 1978; Taylor & Trudgill, 1978) .
Under anaerobic, photosynthetic conditions, C 0 2 production by catabolism and C 0 2 fixation by the Calvin cycle occur simultaneously, and in the presence of an organic substrate the net result depends upon whether this substrate is more or less reduced than cell material (Ormerod, 1956) . This makes detailed interpretation of the anaerobic manometric experiments rather more difficult, though the differences were significant. Only cells grown on benzoate in the light exhibited substrate-stimulated net uptake of C 0 2 when incubated in the light with cyclohexanecarboxylate and A -cyclohexenecarboxylate. On the other hand, net C 0 2 uptake was observed with octanoate as substrate by cell suspensions grown on either benzoate or succinate. This confirms that there is a constitutive capacity to metabolize octanoate anaerobically and that the anaerobic metabolism of cyclohexanecarboxylate is inducible. The enzyme assays provided results which were consistent with those of the manometric experiments. All the enzymes necessary for the P-oxidation of short-chain fatty acids were shown to be constitutive. In addition, alicyclic CoA esters could act as substrates for enzymes in the extracts which were present at similar levels under all growth conditions. It is probable that these enzymes are the same ones as for constitutive P-oxidation, since growth on benzoate or cyclohexanecarboxylate rather than succinate produced no change in the ratios of the activities measured. Growth on either benzoate or cyclohexanecarboxylate did, however, induce an acyl-CoA synthetase which was active with benzoate and with some alicyclic substrates. Since succinate-grown cells have constitutive P-oxidation enzymes and reasonable acyl-CoA synthetase activity towards cyclopentanecarboxylate and cyclohexanecarboxylate, yet do not oxidize these in whole-cell studies, presumably the induction of a transport system is necessary for the utilization of these substrates. Cyclohexanepropionate may be sufficiently similar to straight-chain fatty acids for uptake to occur via a common system.
The appearance of a benzoyl-CoA synthetase in response to benzoate is the first positive evidence to indicate that the substrate for reduction of the aromatic nucleus is benzoyl-CoA. Previous work (Whittle et al., 1976) showed merely the disappearance of a small amount of benzoate in the presence of CoASH, ATP and cell extract. The first product of the reduction has not yet been identified (Dutton & Evans, 1969) , but it seems reasonable that this leads to cyclohexanecarboxyl-CoA, which can easily be incorporated into the P-oxidation sequence. Otherwise partial reduction of the benzene ring with retention of a specific double bond must be postulated.
It is clear that neither the formation of benzoyl-CoA nor the P-oxidation of cyclohexanecarboxyl-CoA is necessarily an anaerobic process. Aerobic growth on cyclohexanecarboxylate induces the ability to form benzoyl-CoA, while anaerobic growth on benzoate induces the capacity to oxidize cyclohexanecarboxylate aerobically. The process which is unique to the anaerobic photometabolism of benzoate is the actual reduction of the aromatic nucleus and this is currently under study. Note added inproof: The product of the acyl-CoA synthetase assay in the presence of benzoate has now been identified as described by Trudgill (1969) . The aqueous-ethanol soluble material from a reaction system incubated for 1 h with benzoate as substrate contained a compound which co-chromatographed with authentic benzoyl hydroxamate in the two TLC solvents used. Both compounds gave a purple-brown colour when the plates were sprayed with ethanolic ferric chloride. This compound was absent from reaction mixtures which were stopped at zero time or from which the benzoate was omitted.
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